INTRODUCTION
Since the discovery of the first aminoglycoside antibiotic, streptomycin (Str), in 1944, the mechanism of action of this group has been studied more extensively, and in more laboratories, than that of any other. The results have revealed a remarkably pleiotropic set of effects (reviewed in references 20, 27, 70, and 74), of which four appear to be especially important: ribosomal blockade, misreading in translation, membrane damage, and irreversible uptake of the antibiotic. In contrast to our understanding of the action of the 3-lactams and many other antibiotics, investigators of the aminoglycosides have struggled with a succession of hypotheses that could each account for some observations but were contradicted by others. In particular, the link between action on the ribosome and membrane damage was obscure.
About 10 years ago this problem became accessible to study, with the demonstration that bacteria, like eucaryotic cells, possess membrane-bound ribosomes which are involved in protein translocation into or across the membrane (19, 60, 65) . Nevertheless, the relation of this process to membrane damage by aminoglycosides was ignored until very recently, when it was proposed that incorporation of misread protein in the membrane would make it leaky to small molecules (18) . This simple explanation suggested an obvious multistep mechanism for the bactericidal action of the aminoglycosides, in which each of the four pleiotropic effects listed above plays an equally essential role.
The paper that proposed this explanation (18) also presented supporting experimental evidence. However, its finding, that Str causes protein destined for the periplasm to accumulatte in the membrane, confirms only one novel component in the multistep model: the prediction that Strinduced misreading will interfere with secretion of proteins across the membrane. The other component, the hypothesis that this incorporation of misread protein in the membrane impairs its integrity, derived its support from its ability to explain a large number of already known features of aminoglycoside action. This review will now examine, in greater detail than was appropriate in the preceding experimental paper, the ability of the proposed model to accommodate all major features of aminoglycoside action.
The path to this model was exceptionally tortuous, and it involved a feedback to a set of findings that had been virtually buried 25 years earlier. It therefore seems of historical and philosophical interest to review the discovery of various aspects of aminoglycoside action and the resulting hypotheses and their problems, and also to discuss possible reasons for the delay in recognizing that membrane damage is central and is related to misreading. I will also review evidence for a surprising additional conclusion that emerged from the model: the release of incomplete proteins by puromycin, though not lethal, affects membrane integrity in the same way as random misreading induced by Str. Finally, I will consider further possible tests for the model and will discuss its implications for the structural requirements of normal membrane proteins.
The voluminous literature describes many additional effects of aminoglycosides, including alterations in the synthesis of deoxyribonucleic acid, ribonucleic acid (RNA), and polyamines and in the levels of cyclic adenosine monophosphate and guanosine tetraphosphate. However, such changes might be expected as secondary consequences of the several major metabolic perturbations caused by Str: inhibition of protein synthesis (and consequent accumulation of ribosomal RNA), accumulation of misread protein, altered membrane composition and permeability, and resulting alterations in ionic composition. Since (23) . In addition, they exhibited ewed elsewhere [32, 33] tuberculosis; in addition, the resistance was localized in the ribosomes (26. 47, 67) . The site of this resistance was later traced to the S12 protein in the 30S subunit.
Althouigh Str might well act on both the ribosome and the membrane, it was very unlikely that a single mutation to resistance, known to alter the ribosome, would also directly alter the membrane. Accordingly, the membrane daimage was evidently not a direct effect ot' Str but instead reSulted trom its action on sensitive ribosomes. At that time there was no bcasis, either conceptufal or experimental, tfor exploring the nature of the connection between ribosomes fand membrane. Moreover, the elegant and influential Spotts and Stanier-paper (68) emphasized an attr-active philosophical theme: the importance of distinguishing the key action of an antibiotic from the 'epiphenomena."' Since the ribosome was obviously directly involved, all investigators in the field soon dismissed the membriane damage. despite its early appearance, as an incidental change, and this effect received no tfurther attention for about two decades.
MISREADING IN TRANSLATION
A few years later Gorini and Kataja discovered an additional important effect of Str: at sublethal levels it can cause phenotypic suppression ot auxotrophic mutations in cells (30) , and study with polyuridylic acid in extracts soon confirmed the inference that the effect was due to increased misreaiding (17) . Moreover, this phenotypic alteration led to the isolation of rumlii (ribosomal ambiguity) mutations, in which genotypic alteration of the ribosome hCas a similar effect (62) .
Misreading was of great scientific interest: it showed that alteration of the shape ot' the ribosome, by interaction with a small molecule or by mutation, can affect not only its c-atalytic activity but also its specificity; this variation in accuracy encouraged attention to the problem of fidelity of information transfer, in translation as well as in replication and transcription (29) . In addition, since misreading implied a distortion of codon-anticodon interaction on the ribosome, the puzzle of Str dependence could be explained as a compensatory balance between two opposing distortions, by the antibiotic and by the dependence mutation. (However, a later finding, that growing cells can incorporate several molecules of Str into each ribosome [371, suggested that the corrective action ot Str on dependent ribosomes also includes effects on their aissembly.)
Nevertheless, it was uncertalin whether the misr-eading had any relation to the chemotherapeutic action of the drug. Moreover, the mechatnism by which diflerent concentrations of Str could exert two incompatible effects on the ribosome, misreading and blockade, presented a problem. Gorini and colleagues reported that free ribosomes in vitro bind two molecules of Str (8, 28) , and the double etfect could be easily explained if Str bound to two sites, with diflerent affinities and differ-ent etfects. However, a more thorough examination (14) showed that ribosomes bind only one molecule tightly, with K(, of 10(-7; the affinity of the nonspecific binding of additional molecules wats too low (K,. >1( 4) to be significant.
DIFFERENT ACTIONS ON INITIATING AND ON
CHAIN-ELONGATING RIBOSOMES The paradox of misreading versus blockade was resolved when Tai et al. (72) developed a method for sharply distinguishing effects of antibiotics on ribosomes in two different states: engaged in initiating protein synthesis (washed ribosomes. translating viral RNA as messenger) or engaged only in chain elongation (purified polysomes. free of initiation factors). Several antibiotics (spectinomycin. erythromycin, and kasugLamycin) were found to have no effect on chain elongation but to block initiating ribosomes completely (20), allowing initiation complexes to torm but then preventing their continuation into chain elongation and caLusing their brecakdown cafter cl few minutes (20, 70) . Str (and other aminoglycosides) similarly blocks the initiation complex (5, 20. 70) and not chcalin-elongating ribosomes, but it does act on the latter, decr-easing both the rate (75) and the accuracy (20, 70, 71) of translation. Since either system exhibits its characteristic response over al wide range of concentrations, the difference clearly airises from the state of the ribosome and not directly from the concentration of the antibiotic.
TIhe alternative effects of high oi-low Str concentrations on cells could now be explained. At low concentrations Str encouLnters mostly the predominating polysomal ribosomes, Iand so it causes misr-eading, while at higher concentrations it reaches all of the ribosomes. including those engaged in initiation, and so it stops protein synthesis (20, 73) . In addition, the initiation complexes blocked by Str are not stably bound to the messenger but fall off, with a half-life of about 5 min (46. 50) . This finding explained the dominance of Str-over Str' in heterozygotes (45) , which contain both sensitive and resistant ribosomes (66) : the blocked sensitive ribosomes not only exclude the resistant ribosomes from the existing messenger (which is meainwhile decaying), but by slowly recycling ar-e also able to block the initiation sites on any newly formed messenger- (73) .
The mechanism of the two alternative effects on the ribosome is not known in moleculalr-detail. Since a single mutaltion in protein S12 elimincates both responses, they Vol.. 51, 1987 on October 25, 2017 by guest http://mmbr.asm.org/ Downloaded from seem likely to involve a common or an overlapping binding site. The free ribosome is more flexible, because it lacks the conformational restrictions imposed by attached ligands, and so its binding site would be more fully exposed. Moreover, since Str binds to the initiating 30S subunit, it may well be locked in by the subsequent addition of the 50S subunit. These differences could explain the more drastic effect of Str on initiation than on chain elongation (70) . In addition, they suggested, along with the observed inhibitory activity of the recycled Str-ribosome complexes released from blocked initiation complexes, that the binding of Str to the initiating ribosome might be irreversible (73) . However, the irreversibility of the uptake of Str (55) (11, 12' ). However, apart from the lack of any obvious mechanistic basis, two important findings decisively eliminated this hypothesis. First, when cells with Str-resistant ribosomes are treated with another aminoglycoside, to which they are sensitive, they can then take up Str (35, 36) . Second, when addition of chloramphenicol to sensitive cells is delayed until after secondary uptake of Str has begun, it does not block continuation of the uptake (6, 35, 36, 53) . Clearly, the ribosomes actively synthesizing protein in the presence of an aminoglycoside do not promote uptake by a direct pearticipation in the process of entry: they must have an effect on the membrane during the lag: this effect then persists even when the ribosomal activity has ceased. Though these findings clearly demonstrated that misreading has an effect on the structure of the membrane, this effect was not sufficiently extensive or progressive to seem likely to be the direct cause of cell death, and so the results were not then published. Several years later, however, it became clear that they fitted very well an alternative hypothesis: that the alterations in the membrane might contribute to cell death indirectly by making the membrane permeable to Str (18) .
Nevertheless, the main evidence for the second feature of the model, a role of altered membrane proteins in the leakiness, remains the ability of this model to explain all major features of Str action. Having described above certain of these features, which suggested the model, I will now review the others.
UPTAKE OF AMINOGLYCOSIDES Lag and Initial Entry
Ever since the first studies on Str uptake, it has been widely observed that the duration of the lag before the secondary uptake in E. coli decreases with increasing Str concentration over a wide range. This pattern suggests that the initial, nondetectable entry of the antibiotic during the lag occurs by diffusion through an aqueous channel or by low affinity for a transport system (i.e., use of the early, linear portion of its concentration-rate curve). The outer membrane may also contribute to the lag, but it cannot be the major barrier altered by Str, since the leakiness that has been demonstrated after Str treatment (2, 23, 63) involves metabolites that cannot normally pass the cytoplasmic membrane (except by specific transport). In Bacillus megaterium the uptake of Str is reported to lack a significant lag (31), suggesting that this organism is more permeable to Str than E. coli.
Though this laboratory had initially reported a plateau of adsorption during the lag before secondary uptake in E. coli (Fig. 1 ), Bryan and Van den Elzen (11, 12) have described a slow linear uptake, called energy-dependent phase I, during that lag (and also in resistant cells, which do not develop secondary uptake). The subsequent rapid uptake in sensitive cells was called energy-dependent phase II. However, because the large background of adsorption on the outer surface of the cell (Fig. 1) would obscure even enough entry (1% of the total) to equal the number of ribosomes, the apparently linear phase I uptake may well be simply an expansion of the adsorption, proportionate to the continued growth of the cells. How large the initial entry must be to trigger the autocatalytic uptake is not known.
Kinetics of Uptake through Nonspecific Channels
Like the rate of overcoming the lag, the rate of uptake of Str in the secondary phase, after the lag, is also roughly proportional to its concentration over a wide range (53) . This is the pattern that would be expected of diffusion (or electrophoresis) through nonspecific aqueous channels created by membrane damage. The role of nonspecific channels is further demonstrated by the asymmetric synergism between aminoglycosides and 3-lactams: nonlethal pretreatment with the latter, causing damage to the cell envelope, accelerated the lethal action (56) and the uptake (51) of aminoglycosides. while exposure in the reverse order was not synergistic.
Addition of chloramphenicol to cultures at different stages of killing by Str provided further evidence, briefly noted above, on the kinetics of channel formation. At each stage the uptake of Str continues (6, 35, 36, 53) , but the viable cell count is immediately stabilized (57) . It therefore appears that without further protein synthesis the killed cells continue to take up the antibiotic in amounts far larger than those responsible for killing, but those cells that are still viable have not yet made enough channels for visible uptake.
This pattern suggests that at a lethal concentration of Str the autocatalytic process of entry, misreading, and increased entry results in a rapid transition between virtual impermeability and a lethal uptake. The uptake required for killing is small, relative to what can be measured: approximately 1% of the maximal uptake matches the number of ribosomes. However, there is evidently a lag between a lethal uptake and its complete blockade of protein synthesis, since studies (summarized above) on the effect of Str on the distribution of newly synthesized protein (18) showed significant synthesis of abnormal protein during the period when Str was causing progressive cell death. The stabilization of the viability count by chloramphenicol suggests that this synthesis is occurring largely in cells already condemned to death.
Proton Motive Force and Irreversible Uptake Studies with various mutants and inhibitors have shown that the proton motive force has a strong influence on uptake and is probably required (1, 6, (11) (12) (13) 54) . Moreover, its A1 component is more important than the ApH (16, 24, 48, 49) , perhaps producing an electrophoresis of the drug through aqueous channels. In further studies along these lines it will be important to determine whether the initial entry through the normal membrane and the later entry through the damaged membrane differ in their dependence on membrane potential.
It is not clear why the entry of Str, clearly through nonspecific channels, is irreversible (53, 55) . The attainment of a huge excess over the number of ribosomes excludes irreversible attachment to ribosomes as the reason. While the importance of the membrane potential suggests entry of the antibiotic by electrophoresis (rather than a free diffusion) through the channels, it is not washed out in buffer (which would not sustain a potential), even though a nonspecific aqueous channel should be equally permeable to Str in either direction. This difference between entry and exit could be explained if the channel is not fixed but is gated in response to the presence or absence of a potential. The large uptake after permeabilization of the cell by toluene (Fig. 1) 
Anaerobiosis
Anaerobiosis has long been known to increase the minimal inhibitory concentration of Str at least 10-fold. This effect was traced to an inhibition of uptake (42), which is now readily explained by the depression of At by anaerobiosis. However, the effect is not permanent: studies with the chemostat showed that anaerobiosis causes a very long lag (ca. 2 h), which is then followed by a normal phase of secondary uptake, as rapid as in an aerobic culture growing at the same rate (52) . This result suggests that AO is especially important for the initial uptake during the lag (24) .
A number of features of aminoglycoside uptake remain a challenge (reviewed in greater detail in Taber, submitted). These include its irreversibility, the apparent role of membrane potential, and its occurrence under anaerobic conditions despite a low potential. However, these are clearly challenges to a detailed understanding. rather than to the existence, of the nonspecific channels postulated in the multistep model of aminoglycoside action.
Puromycin and Str Uptake
A particularly puzzling feature of Str action, which long defied explanation, is the paradoxical influence of puromycin (which interferes with protein synthesis reversibly by releasing the growing chains). When added simultaneously with Str it slightly accelerates, instead of inhibiting, killing (76, 77) , yet when added an hour earlier it prevents killing (76) . Hurwitz et al. (38) recently showed that this paradox is due to contrary effects of puromycin on Str uptake: 50 pLg/ml, added simultaneously with Str, increased the uptake, but 500 ,ug/ml blocked it (Fig. 2b) .
The proposed mechanism of aminoglycoside action now provides an explanation (18) . A high concentration of puromycin, releasing the growing chains early, would prevent them from becoming long enough to enter the membrane; hence, the misreading induced by Str could not cause membrane damage. In contrast, a modest conccnitration of puromycin would allow many chains to become long enough to enter, and so misreading could affect membrane integrity. (Why modest concentrations even stimulate Str uptake is discussed below.) Moreover, this predicted difference in average chain length has been experimentally confirmed by measurement of the rate of polysome decay at these different puromycin concentrations (38) .
Since the paradoxical interactions with puromycin have been a particularly refractory obstacle to all previous theories of aminoglycoside action, the ability to provide a simple, clear explanation is probably the strongest single argument for the proposed mechanism, relating misreading to membrane damage. PUROMYCIN ALSO CAUSES MEMBRANE DAMAGE As a by-product of this explanation for the paradoxical action of puromycin, it now appears that membrane damage by incorporation of abnormal proteins is not confined to the aminoglycosides. This conclusion was suggested by a surprising observation encountered during the study of the interaction of puromycin and Str just described (38) : in the presence of appropriate concentrations of puromycin, not only Str-sensitive cells but also Str-resistant cells took up Str (Fig. 2) . This uptake, which has been confirmed (10), must require membrane damage: yet it is difficult to ascribe the damage to the Str, since at the concentration used it would not ordinarily act on resistant ribosomes. An alternative possibility, that puromycin might cause resistant ribosomes to respond to Str, is very unlikely, since the site of action of puromycin, at the aminoacyl terminus of transfer RNA, is far from the codon-anticodon site. Moreover, polyamines, which have multiple cationic groups like the aminoglycosides, do not cause misreading; yet puromycin similarly accelerated their uptake in both Str-sensitive and Strresistant cells (38) .
The proposed explanation for membrane damage by Str suggested a similar explanation for this facilitating action of puromycin in resistant cells (18) : polypeptide chains prematurely released by puromycin, without other alteration of sequences, can evidently create membrane channels, like the misread chains formed in the presence of Str. Indeed, the extent of the uptake of Str in puromycin-treated resistant cells (Fig. 2a) suggests that puromycin can make the membrane fully as leaky as Str does. This finding raises the question of how much of the effect of Str-induced damage to the membrane is due to misreading within a sequence and how much is due to the premature termination that is also part of Str-induced misreading.
This explanation for the action of puromycin is now supported by direct evidence for damage to the membrane (P. C. Tai Spotts and Stanier (68) . This approach has usefully sharpened the focus of much research, but in this case it can be seen to have been misleading.
The order of appearance of the discoveries probably also contributed to establishing a persistent and limiting conceptual framework. Thus, a reaction to the incorrect theory of direct action of Str on the membrane discouraged further attention to the correct finding of a reproducible and early effect. Moreover, the subsequently discovered effects on the ribosome were more accessible to investigation, and by the time the translocation of proteins into the membrane became accessible to experimental study, the unexplained ancient observations on membrane damage were essentially buried (even though our laboratory became engaged in study of protein translocation). If, on the other hand, membrane damage had been discovered after misreading (and even more, after protein export became an active field of investigation), its connection to the ribosome might have been recognized much more easily.
The methodological assumptions of this review also deserve comment. I have presented the proposed multistep mechanism not as a tentative hypothesis, but as an explanation that is firmly established by its consistency with all known features of aminoglycoside action. One might object that this conclusion is too strong, since the proposal has not led to crucial predictions that were then tested. We Today we can make a further prediction that would directly test for the inferred effect of misread or truncated proteins on membrane integrity: appropriate genetic alterations in major proteins of the membrane should have the same effect. Their further utility, in detailed exploration of the mechanism of membrane damage, is discussed below.
MECHANISTIC CHALLENGES Among the several steps in aminoglycoside action, the misreading and the blocking effects on the ribosome are quite well understood in principle, and we can expect studies on ribosomal conformation to clarify the molecular mechanisms. This paper raises another challenge: the molecular structure of the channels created by misread or truncated proteins in the membrane.
At present we can only speculate about this problem. Altered folding might make these abnormal proteins porous, i.e., create transmembrane aqueous channels within them. This possibility is supported by the loose folding observed with synthetic polypeptides of arbitrary sequence, in contrast to evolved natural proteins. Alternatively, channels might arise along a series of polar residues on the predominantly hydrophobic embedded surface of transmembrane proteins. In a third possibility, transmembrane proteins that normally contain gated channels might have lost the ability to close the gates. This alternative seems less likely, because the known gated channels in bacteria are not open to molecules as large as Str (581 daltons).
In further study of the nature of the channels, observations on their electrical properties, perhaps most conveniently with puromycin-treated eucaryotic cells, may be informative. For detailed molecular insights, specific genetic alterations will no doubt be more useful than the random changes induced by antibiotics, and prematurely released chains should be easier to simulate than those altered by misreading.
Indeed, studies on specific altered proteins in the membrane are already under way, though they have not focused on membrane integrity. A short C-terminal deletion has been reported to shift the E. coli 13-lactamase from the periplasm to the membrane (43) . While similar findings with the maltose-binding protein were thought to reflect attachment of aggregated protein to the membrane, rather than retention in the membrane (40) , a truncated glycerophosphate phosphodiesterase seems definitely to be shifted from periplasm to membrane, since it interferes with the secretion of other periplasmic proteins (34) . In such studies, it would be of interest to test for effects not only on protein export, but also on the integrity of the osmotic barrier.
In addition to not knowing how abnormal proteins create channels, we do not know how the first molecules of antibiotic enter the cell, before they have begun to induce the autocatalytic process of increasing misreading and channel formation. This initial entry might depend on channels created by the low level of intrinsic misreading. Alternatively, it is possible that inevitable imperfections in the VOL . 51, 1987 on October 25, 2017 by guest http://mmbr.asm.org/ Downloaded from process of cell growth may occasionally produce channels (whether transient or permanent) between normal constituents, perhaps where membrane is attached to edges in the expanding cell wall, or at sites of protein secretion. Finally. Str might poach inefficiently on a transport system evolved for the uptake of some other compounds. Whether the path of initial entry differs significantly from the chcannels induced by Str remains to be seen.
We might briefly note an evolutionary and a practical implication of the complex bactericidal mechanism described here. First, it is not clear whether the aminoglycosides have been selected for the advantage of their antibiotic action to the organisms that produce them or whether they are secondary metabolites evolved for some other function; however, either way, it is not obvious how such an intricate bactericidal mechanism could have emerged. Second, while one hopes that understanding of the mechanism of action of a drug will provide a useful model for the rational design of related drugs, the action of the aminoglycosides seems too complex to serve that purpose. Another possibility is more encouraging: since even very few channels in Ca cell may accelerate initiation of the autocatalytic entry of aminoglycosides, it would seem worthwhile to cxplore the synergism of these antibiotics with low levels of puromycin.
IMPLICATIONS FOR THE STRUCTURE OF NORMAL MEMBRANE PROTEINS
In research on the extremely complex systems of living organisms, a discovery is more interesting if it can not only answer a question but also lead to new questions. The proposed model for aminoglycoside action initially seemed only to provide an answer to an old puzzle. However, it may also reveal an interesting feaLture of normal membrane proteins: they must have evolved sequences that fold tightly and fit in well, so that the cytoplasmic membrane is impermeable to small molecules, much smaller thcan Str. Since this is obviously not a universal property of proteins that can reside in the membrane, detailed molecular characterization of membrane proteins will have to be concerned with not only the properties that localize them in the membrane, but also the properties that prevent them from forming aqueous channels. ACKNOWLEGNIENTI I am grateful to P. C. Tai for helpful comments.
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